Abstract: The giant ðÁn 9 1:5Þ and broadband achromatic birefringence is realized by periodic dielectric waveguides (PDWs), which benefit from low loss transmission, compact size, and simple structure. Based on the PDW, ultrabroadband achromatic (9 100 nm), loworder ultracompact ðG Þ, and ultrahigh-order (500th order) wave plates are designed successfully.
Introduction
Birefringence [1] - [7] , which describes the refractive index difference ðÁnÞ of different polarizations, plays an important role in modern optical devices, such as wave plates (WPs), optical filters, modulators, sensors, etc. There are two kinds of birefringence: One is microscopic anisotropy induced (natural birefringence), and the other is macroscopic anisotropy induced (artificial birefringence) [4] . For the designable characteristic, artificial birefringence has attracted a lot of attention and has recently been shown in different structures [3] - [7] . As shown in Table 1 , some artificial structures, (e.g., metamaterials (MMs) [3] , plasmonic nanoslit array (PNA) [4] , multislotted dielectric waveguides (MSDWs) [5] , and photonic crystals (PhCs) [6] , [7] ) can achieve giant birefringence ðÁn 9 1Þ. MMs have ultrahigh birefringence for possessing refractive indices of two orthogonal polarization lights in opposite signs. However, the application of this ultrahigh birefringence is limited by a narrow operating band induced by the high dispersion of MMs [3] and the difficulty of fabricating in a short wavelength. The birefringence in the PNA is large if the nanoslit is narrow. However, the transmission efficiency is relatively low under this condition [4] . PhCs have the benefits of flexibility in structure design and facility in birefringence tuning [7] . The drawback is the beam divergence in the nonwaveguiding structure [8] . Recently, we have introduced the selfcollimating effect of PhC to deal with beam divergence [8] , but the loss is high when the PhC has an ultralarge size in the direction of wave propagation. Although MSDW proposed in [5] is prominent in many aspects, such as low loss, all-dielectric waveguide structure, and achromatic characteristics, the effective indices difference between two orthogonal polarizations is not very high ($1), and the high-order modes may exist in the waveguide.
In addition to the structures mentioned above, the periodic dielectric waveguide (PDW) [9] - [24] , which is also known as nanopillar periodic waveguide [12] - [16] or coupled periodic waveguide [17] , [18] , is another artificial periodic structure attracting a lot of research interest. It can be seen as a simple form of PhC waveguide and has potential applications in waveguides [9] - [15] , lasing [16] , slow light [18] , [19] , high Q cavities [20] , splitters [21] - [24] , etc. In this paper, the birefringence of PDWs with high index dielectric rods in air is studied thoroughly, and a large effective index difference (9 1.5, which is the largest value in all dielectric structure to our knowledge) is achieved. Although the birefringence is not as large as those of PNAs and MMs, the PDW benefits from lower transmission loss (compared with PNAs) and wider operating bandwidth (compared with MMs). Besides ultracompact low-order WPs, broadband (9 100 nm) achromatic low-order WPs and compact high-order WPs based on formed birefringence are designed. Comparing with the PhC WPs (see [8] and references therein), the WPs based on PDW have larger achromatic bandwidth, more compact size and simpler structure. Fig. 1 shows the physical structure of PDW with high index dielectric rods in air. It is a 2-D structure with dielectric rods having infinite length in the z direction. The band structures of PDWs with dielectric rods having different permittivity ð"Þ and radius ðr Þ are calculated by a plane wave method (PWM) [25] with a supercell of 1 Â 9a, where a is the lattice constant, and two of them are shown in Fig. 2 (a) ðr ¼ 0:45a; " ¼ 8:9Þ and (b) ðr ¼ 0:65a; " ¼ 8:9Þ. From the band structures, we can see that, at the given frequency ranges, i.e., between the horizontal dot lines in Fig. 2 , the PDWs have one transverse electric (TE) and one transverse magnetic (TM) mode with different effective indices ðck =!Þ. Fig. 3 shows the effective index difference ðÁn ¼ n TM À n TE Þ of PDWs with different parameters. All the curves are calculated in the band regions in which only one TE and one TM mode exist. From the figures, we can see that 1) large Án can be realized in PDWs. The higher the permittivity of dielectric rods is, the larger Án is. When the permittivity is 12.96 (GaAs), the effective difference can be larger than 1.5. 2) When the radius of the rod is relatively small (such as r ¼ 0:45a or 
Birefringence of PDWs

Phase Difference of TE and TM Polarizations for PDWs
Although the achromatic birefringence is important for some applications, the achromatic phase difference between two polarizations in broadband is more attractive for WP applications. The phase difference ðÁ'Þ between TE and TM polarization after transmitting a distance of L can be expressed as Á' ¼ 2ÁnL=. Fig. 4 shows the phase differences of PDWs with different parameters at the situation of L ¼ 4a.
From the expression of phase difference, Á' is not only related to Án but to L and as well. Therefore, the curves of Á' are quite different from that of Án. From Fig. 4 , the achromatic phase differences appear when the values of r are equal to or larger than 0:55a. When r ¼ 0:55a, there are largest bandwidths of achromatic phase differences for PDWs with different dielectric rods, which can be seen in Fig. 4(f) . The critical value for achromatic phase differences ðr ¼ 0:55aÞ is different from that of the achromatic birefringence ðr ¼ 0:50aÞ.
Based on the PDW, ultracompact WP is designed. For the giant birefringence of PDWs, a 2 phase difference ðÁ' ¼ 2Þ can be realized by a short transmission distance that is less than ðL G Þ when Án is large enough. Taking 
Birefringence and Phase Difference of PDWs With Material Dispersion
In practice, material dispersion can still affect the birefringence of the PDW since the indices are different at different wavelength. Here, we take Silicon (Si) as the high index material to evaluate the influence of material dispersion to the birefringence and the phase difference of PDWs. The permittivity of Si is obtained by the following Sellmeier formula [27] :
From the results above, we choose the radius of the Si rods as 0:55a. Fig. 6(a) shows the birefringence ðÁnÞ of the Si PDWs with different values of a. During the simulations, the indices of Silicon at different wavelength are obtained from (1) . The birefringence increases with the increase of wavelength at the simulation window. However, the curves of phase difference ðÁ'Þ have different slopes, which can be seen in Fig. 6(b) . Although the material dispersion can affect the birefringence of PDW, there is still wideband achromatic phase difference for the Si PDW. From the zoom-in pictures of phase difference shown in Fig. 6(c) and (d), we can see that larger than 100-nm bandwidth achromatic phase difference can be realized with the tolerance of AE1
. By changing the length of lattice constant, the achromatic phase difference can be tuned to a different band. The bandwidth is affected by the length of PDW. Take a ¼ 240 nm as an example. The values of Á' are 301 AE 1 at the band of 1495-1620 nm when L ¼ 4a and are 452 AE 1 at the band of 1506-1606 nm when L ¼ 6a. The bandwidth of achromatic phase difference with same phase tolerance is narrower when the PDW is longer. The material dispersion does not strongly affect the phase difference of Si PDW.
High-Order WP Based on PDWs
The PDW is very suitable for the ultrahigh-order WP based on the formed birefringence [8] proposed previously by the authors. The key of the method is getting large propagation length difference for the different polarizations, and the details will be found in [8] . To maximize the phase difference caused by path difference, we choose " ¼ 9:6 and r ¼ 0:5a (in this situation, the birefringence is achromatic at a broadband range). According to [8] , the polarization beam splitter (PBS) and combiner (PBC) are the two essential elements for the formed birefringence structures. Here, we use directional couplers to realize the requisite PBS and PBC, and the details of the design procedure can be found in [23] . The distance between two rows of the directional coupler are chosen as d ¼ 2:8a, as shown in Fig. 7(a) . According to the dispersion curve [see Fig. 7(b) ], which is obtained by PWM with a 1 Â 9a supercell [see Fig. 7(a) ], the length of direct coupler is chosen, as 21a [see Fig. 7(c) ]. To reduce the loss of the bend, a relatively large bend diameter ð11:48aÞ is chosen as shown in Fig. 7(c) . The other parameters of the whole structure that combine the PBS and PBC can still be found in Fig. 7(c) . The whole size of the simulation structure is about 240 Â 120a. The power transmission spectrum that is shown in Fig. 7(e) is calculated by the 2-D FDTD simulation scheme. In the FDTD simulation procedure, the mesh size and time step are
Þ. An adequately broadband Gaussian pulse is launched into the input port, and two linear detectors are placed in the input and output waveguide [as shown in Fig. 7(c) ] to measure the time-varying electric and magnetic fields. The spectra are computed by taking the fast Fourier transform of the fields incorporating by integrating the Poynting vector over the cells of the detector lines. From the transmission spectrum, the transmission efficiencies are above 80% for both TE and TM in the frequency range of 0.18-0.19a=. The snapshots of the electromagnetic field (H z for TE and E z for TM) at the normalized frequency of 0.185a= for TE and TM polarization are shown in Fig. 7(c) and (d), respectively. From [8] , the total phase difference can be written as Á' tol ¼ 2ÁnL 2 = þ 2n TM ÁL= þ ' 0 , and using the parameters of Án ¼ 1:1505, L 2 ¼ 240a, ÁL ¼ 980a, n TM ¼ 2:4427, and ! ¼ 0:185a=, the phase difference caused by birefringence and formed birefringence are about 102 and 886, respectively. Neglecting ' 0 (generally, it is a small value), the total phase difference is about 1000, and it can serve as a 500th-order WP. It can depolarize a laser with full width at half maximum that is wider than 3.1 nm [28] and can be used in the depolarization of a Raman pump laser diode and super-luminescence LED used in the fiber gyro. Taking ¼ 1550 nm as an example, the lattice constant a is about 287 nm. Therefore, the whole size of the 500th-order WP based on formed birefringence is about 69 Â 34:5 m. 
Discussions and Conclusion
In practice, the fabrication tolerances should be considered first for that the physical sizes of the dielectric rods and the index of the material may be changed during the fabrication process. Here, we give a simple evaluation about the tolerance of phase difference with respect to the radius and the index of the dielectric rods. Take an Si-based PDW as example. The lattice constant and the operation wavelength are chosen as a ¼ 240 nm and ¼ 1:55 m, respectively. The phase changing of 4a length Si PDW versus r and is shown in Fig. 8 . From the figures, we can see that the phase difference has high tolerance with the material index but is sensitive to the radius of the dielectric rods. A little changing of the radius by 2 nm will give rise to more than 5 phase changing. This is a challenge for practical fabrication. There are two methods that can be used to deal with this challenge: using the short length PDW to reduce the phase changing or adjusting the input and output conventional waveguides to compensate the phase changing. Second, the loss of the PDW must be considered in practice, especially for high-order WP applications. There are four types of losses that should be taken into account: intrinsic loss of the PDW; coupling loss from the input and output coupling waveguides; out-of-plane loss, which is related to the vertical structure of the PDW; and the scattering loss by the roughness of nanorods in fabrication. The transmission characteristic of the high-order PDW shown in Fig. 7(b) is obtained by the 2-D FDTD method, and only intrinsic loss is considered. There are some additional losses that are missed, and more severe losses would be generated in practice. However, all the additional losses mentioned above can be well controlled by proper structure design and fine control in the fabrication process [29] , [30] . A subwavelength grating periodic structure similar to PDW fabricated recently shows that the losses of both TE and TM polarization are less than 3 dB/cm for a bandwidth of 100 nm [29] . Actually, this value is small enough for high-order WP applications. Another aspect about the loss that must be indicated is that it is more important to control the TE and TM polarization having similar loss for some practical applications such as the polarization control [27] . Therefore, in practice, we should not only reduce the loss of PDWs but make the PDWs have the same attenuation for different polarizations as well.
In conclusion, we have demonstrated that PDWs with high index rods in air can have giant birefringence, which is higher than other all-dielectric structures such as MSDW ðÁn $ 1Þ [5] and dielectric waveguide with angled slots ðÁn $ 0:5Þ [31] . With proper design, both broadband (larger than 100 nm) achromatic birefringence and phase difference are obtained based on PDWs, even with material dispersion. Low-order broadband WP with high phase tolerance and ultracompact highorder WP are designed. The PDWs can be fabricated by the Electron beam lithography combining the inductively coupled plasma reactive ion etching method with the same as that used in [29] and [30] . The designed PDWs may find applications for polarization control in future photonic integrated circuits.
